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ABSTRACT 

To determine the functional specificity of inflamma- 
tion, it is critical to orchestrate the timely activation 
and repression of inflammatory responses. Here, 
we explored the PAF1 (RNA polymerase II 
associated factor)-mediated signal- and locus- 
specific repression of genes induced through the 
pro-inflammatory cytokine interleukin (IL)-ip. 
Using microarray analysis, we identified the PAF1 
target genes whose expression was further 
enhanced by PAF1 knockdown in IL-ip-stimulated 
HepG2 hepatocarcinomas. PAF1 bound near the 
transcription start sites of target genes and 
dissociated on stimulation. In PAF1 -deficient cells, 
more elongating RNA polymerase II and acetylated 
histones were observed, although IL-ip-mediated 
activation and recruitment of nuclear factor kB 
(NF-kB) were not altered. Under basal conditions, 
PAF1 blocked histone acetyltransferase general 
control non-depressible 5 (GCN5)-mediated acetyl- 
ation on H3K9 and H4K5 residues. On IL-ip stimu- 
lation, activated GCN5 discharged PAF1 from 
chromatin, allowing productive transcription to 
occur. PAF1 bound to histones but not to 
acetylated histones, and the chromatin-binding 
domain of PAF1 was essential for target gene repres- 
sion. Moreover, IL-ip-induced cell migration was 
similarly controlled through counteraction between 
PAF1 and GCN5. These results suggest that the 
IL-ip signal-specific exchange of PAF1 and GCN5 
on the target locus limits inappropriate gene induc- 
tion and facilitates the timely activation of inflamma- 
tory responses. 



INTRODUCTION 

Interleukin- 1 (3 (IL-1(3) is one of main inflammatory cyto- 
kines released from the local inflammatory site, together 
with tumor necrosis factor (TNF)-oe and IL-6, to mediate 
the induction of defense and tissue repair responses on 
recognition of the danger or pathogen (1). The recognition 
of IL-1 (3 by the IL-1 receptor activates DNA sequence- 
specific transcription factors and induces the expression of 
inflammatory proteins, including acute phase proteins in 
the liver, chemokines and adhesion molecules in 
infiltrating immune cells and extracellular proteases for 
tissue remodeling (2,3). IL- 1 (3-dependent responses, 
including fever, metastases, angiogenesis, proliferation, 
apoptosis and cartilage breakdown, are required for 
pathogen clearance or stress adaptation; however, exces- 
sive IL-1 (3 is strongly linked to disease states, as reported 
in research on myocardial infarction from ischemic injury, 
atherosclerosis, type 2 diabetes and cancer (2,3). Hence, 
inflammatory gene expression should be selectively re- 
pressed under basal conditions to prevent detrimental 
effects. However, compared with the activation mechan- 
ism, the transcriptional repression of inflammatory gene 
expression without stimulation is poorly understood. 

To ensure the appropriate temporal and spatial control 
of inflammation, the expression of genes required for the 
inflammatory response is well orchestrated through 
signal-specific transcription factors, epigenetic regulators 
and mRNA stability regulators (4-6). The recognition of 
IL-1 (3 initiates signaling cascades that eventually activate 
DNA sequence-specific transcription factors, such as 
activator protein 1 (AP-1), interferon regulatory factor 3 
(IRF3), CCAAT/enhancer-binding protein (3 (CEBP/(3) 
and NF-kB (3,7,8). The activated transcription factors 
interact with histone acetyltransferases (HATs) and 
histone deacetyltransferases to define the signal-specific 
target genes for transcriptional regulation (5,6,9). 
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Similarly, histone methyltransferases (HMTs), chromatin 
remodelers and transcription co-activators are also re- 
cruited, via protein interactions, for the exquisite control 
of the epigenetic status of target loci (5). Because of the 
selectivity and complexity of the inflammatory process, 
every step of transcription is coupled and inter-connected 
for the temporal, quantitative and locus-specific regula- 
tion of IL- 1 (3-responsive gene expression. 

PAF1 is a component of the PAF complex (PAFc), 
which was characterized as an Srb-containing mediator- 
independent RNA polymerase II (Pol II)-binding factor 
(10,11). PAF1 comprises the protein subunits PAF1, 
CTR9, LEOl, CDC73 and RTF1 (human PAFc also 
includes SKI8) and has been associated with virtually 
every step of transcription, including diverse histone 
modifications (11). The PAFc recruits SET1 via H2B 
ubiquitination or SET2 histone-modifying enzymes to 
the promoter and coding regions of actively transcribed 
target genes, respectively (11-14). In addition, recent 
studies suggest that PAFc plays a role in the transcrip- 
tional repression of selected target genes. PAFc is 
required for the recruitment of suppressor of variegation 
3-9 homolog 1 (SUV39H1), the histone methyltransferase 
responsible for repressive H3K9 trimethylation at the 
promoter region of the target gene CCND1 (15). In 
yeast, the presence of PAFc inhibits the association of 
the transcriptional activator GCN4 with chromatin and 
the subsequent acetylation of histones (16). The regulation 
of histone acetylation through PAFc also modulates 
cryptic transcription in yeast, but the underlying mechan- 
isms remain elusive (17). 

Because of its global role as a platform for Pol 
II-mediated transcription, PAFc was initially considered 
as a component of the general transcription machinery 
(11). However, subsequent studies have indicated signal- 
and locus-specific roles for PAFc in cell cycle regulation, 
apoptosis and development (18-22). Alterations in 
mCdc73 cause growth retardation and early fatality 
during development (21), while genetic components of 
PAFc are mutated or duplicated in various types of 
cancer (23). Moreover, it was recently suggested that 
PAFc plays a role in the anti-viral response and inflam- 
matory gene regulation (24,25). We previously observed a 
dynamic Pafl expression in the liver of mice during 
systemic inflammation (25). Based on this observation, 
we characterized the involvement of PAF1 in the tran- 
scriptional regulation of inflammation. In the present 
study, we demonstrate the molecular mechanism of the 
repressive PAF1 in IL-l(3-inducible gene expression 
under basal conditions. The dynamic association and dis- 
sociation of PAF1 to target chromatin was delicately 
controlled in a signal- and GCN5-dependent manner via 
histone acetylation. 

MATERIALS AND METHODS 

Cell culture, transfection and reagents 

HegG2 cells were grown in minimum essential medium 
(MEM) with 10% fetal bovine serum (FBS) (Hyclone, 
Logan, UT, USA) and penicillin/streptomycin 



(Invitrogen, Carlsbad, CA, USA). For stimulation, cells 
were treated with rhIL-6 plus IL-6sR, interferon (IFN)-oc/ 
(3, TNF-oc, IL-10 or IL-1(3 (all purchased from R&D 
systems, Minneapolis, MN, USA). BAY 11-7082, 
SP600125 and SB202190 were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). Transfections were per- 
formed with Lipofectamine 2000 (Invitrogen). Sequences 
of siRNA are provided in Supplementary Table SI. 

Plasmids 

Cloning of mPAFl-MYC (N'-EQKLISEEDL-C, peptide 
sequence of c-myc) and mCTR9-MYC are described in the 
study conducted by Youn et al. (25). For mLE01-V5 ex- 
pression vector, cDNA was amplified by reverse tran- 
scriptase-polymerase chain reaction (RT-PCR) from 
lipopolysaccharides (LPS)-treated mice liver and then 
cloned using Gateway recombination system 
(Invitrogen). Human PLAU promoter (—1973 to +132) 
or JUN promoter (—374 to +170) was amplified from 
HepG2 genomic DNA and cloned into pGL3-basic 
vector (Promega, Madison, WI, USA). Deletion mutants 
of mPAFl were generated by PCR and cloned into 
pcDNA3.1 expression vector. For PAF1 shRNA, 
primers targeting hPAFl mRNA (794-813, AAGAGAC 
GTTGAAGAAACGAA) were cloned into pSilencer™ 
vector (Invitrogen). To obtain glutathion-S-transferase 
(GST) tagged PAF1 expression plasmid, hPAFl cDNA 
was cloned into the pEBG vector. 

RNA purification and quantitative analysis 

Total RNA was isolated with the RNA isoplus 
(TAKARA BIO, Japan) reagent. For cDNA synthesis, 
1 jig of RNA was used for the reverse transcription 
using an oligo-dTi5 primer (Promega). Quantitative real- 
time PCR was performed with 2x SYBR premix 
(TAKARA BIO) and specific primers using StepOne 
Real-Time PCR System (Applied Biosystems, Foster 
City, CA, USA). Primers for real-time PCR are listed in 
Supplementary Table S2. 

Microarray analysis 

HepG2 cells were transfected with PAFl-shRNA or 
control-shRNA for 48 h. After stimulation with IL-ip 
(lOng/ml) for 3h, total RNA was extracted and purified 
with RNeasy kit (Qiagen, Valencia, CA, USA). A total of 
500 ng of RNA was amplified with Totalprep amplifica- 
tion kit (Ambion, Austin, TX, USA). Amplified cDNA 
was hybridized to HumanRef_8_v3 expression beadchip 
and scanned with the Illumina BeadArray Reader 
(Illumina Inc., San Diego, CA, USA). 

Luciferase assay 

HepG2 cells were transfected with reporter construct 
along with pRL-gapdhPro to normalize the transfection 
efficiency. Cells were stimulated with IL-1(3 (lOng/ml) for 
12h, and luciferase activity was measured with a dual 
luciferase assay kit (Promoga) according to manufac- 
turer's instruction. 
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Immunoblotting 

Cells were harvested in lysis buffer [150 mM NaCl, 1% 
Triton X-100, 25 mM Tris, pH 7.5, 0.5% deoxycholic acid, 
0.1% sodium dodecyl sulfate (SDS), 1 mM 
dithiothreitol(DTT), 2 jig/ml of pepstatin, O.lmg/ml of 
phenylmethanesulfonyl fluoride (PMSF), 5 |ig/ml of 
aprotinin, 5 |ig/ml of leupeptin, 1 mM benzamidine, 
160 mM P-glycerophosphate and 10 mM NaF], and total 
cell lysates were separated by SDS-polyacrylamide gel 
electrophoresis. For detection of the immunoreactive 
signal, the LAS4000 image analyzer (Fujifilm, Japan) 
was used. Anti-PAFl, -CTR9 and -LEOl antibodies 
were purchased from Bethyl laboratory (Montgomery, 
TX, USA), anti-CDC73, -TATA-binding protein (TBP), 
-p65, -MYC, -IkB-oc and -Pol II (pan-CTD) from 
Santacruz (Santa Cruz, CA, USA), anti-Pol II (S2P) 
from Abeam and anti-cJUN, phospho-cJUN and 
phospho-p38 from NEB (Ipswich, MA, USA). 

Chromatin-bound and -unbound fractionations 

Cell fractionation was performed as described previously 
(26). Cells were incubated with chromatin-unbound 
fraction buffer (lOOmM NaCl, 300 mM sucrose, lOmM 
1,4-Piperazinediethanesulfonic acid (PIPES), pH 6.8, 
3 mM MgCl 2 , 1 mM Ethylene-bis(oxyethylenenitrilo)te- 
traacetic acid (EGTA), 0.2% Triton X-100, 1 mM DTT, 
2jig/ml pepstatin, O.lmg/ml PMSF, 5 jig/ml aprotinin, 
5 |ig/ml leupeptin and 1 mM benzamidine) for 5 min on 
ice. After centrifugation, supernatant was collected as 
chromatin-unbound fraction, and pellet was incubated 
with chromatin-bound fraction buffer (100 mM NaCl, 
300 mM sucrose, 10 mM PIPES, pH 6.8, 3mM MgCl 2 , 
1 mM EGTA, 0.5 U/ul of DNasel and protease inhibitors) 
for 20 min at 37°C incubator after cold phosphate- 
buffered saline washing. After centrifugation, the super- 
natant was collected as chromatin-bound fraction. 

Chromatin immunoprecipitation (ChIP) 

Cells were cross-linked with 1% formaldehyde for 10 min. 
For PAF1 immunoprecipitation, 1.5 mM ethylene 
glycolbis[succinimidyl succinate] (EGS) (Pierce-Thermo 
Scientific, Rockford, IL, USA) in phosphate-buffered 
saline was pre-treated for 20 min before formaldehyde in- 
cubation. After 5 min incubation of 0.125 M glycine (final 
concentration), collected cells were lysed in lysis buffer I 
[10 mM 4-(2-Hydroxyethyl)piperazine-l-ethanesulfonic 
acid (HEPES), pH 6.5, 10 mM ethylenediaminetetraacetic 
acid (EDTA), 0.5 mM EGTA, 0.25% Triton X-100 and 
protease inhibitors] and then resuspended in lysis buffer II 
(ImM EDTA, 0.5mM EGTA, lOmM HEPES, 200mM 
NaCl and protease inhibitors) after centrifugation. After 
centrifugation, pellet was resuspended in fresh lysis buffer 
(20mM Tris-Cl, pH 8.1, 0.1% SDS, lOmM EDTA and 
protease inhibitors) and sonicated for 3 min at 
40-amplitude using a Vibra cell™ sonicator. After centri- 
fugation, lysate was diluted in dilution buffer (9-fold 
volume of lysate, 20 mM Tris-Cl, pH 8.1, 2mM EDTA, 
150 mM NaCl and 0.1% Triton X-100), and mixture was 
incubated with antibodies with protein A/G agarose beads 



(Calbiochem San Diego, CA) overnight. Beads were 
washed with wash buffer (0.1% SDS, 1% Triton X-100, 
2mM EDTA, pH 8.0, 150mM NaCl, 20 mM Tris-HCl, 
pH 8.0) three times, and with final wash buffer (0.1% 
SDS, 1% Triton X-100, 2mM EDTA, pH 8.0, 500 mM 
NaCl and 20 mM Tris-HCl, pH 8.0). For ChIP assay 
against GCN5, salt concentration was reduced in final 
wash buffer (0.1% SDS, 1% Triton X-100, 2mM 
EDTA, pH 8.0, 300 mM NaCl and 20 mM Tris-HCl, 
pH 8.0). DNA was eluted in elution buffer (1% SDS 
and 0.1 M NaHC0 3 ) at 65°C and incubated for overnight 
at 65°C after RNase A (l.Oug/ml) addition. DNA was 
purified using a PCR purification kit (Nucleogen, 
Korea), and immunoprecipitated DNA was measured 
with quantitative real-time PCR with input DNA (1/20 
of immunoprecipitation reaction). Primers used were 
listed in Supplementary Table S3. The antibodies are 
annotated in Supplementary Material. The locus-specific 
ChIP intensity (percentage to input) relative to intergenic 
intensity (percentage to input) was calculated and 
normalized to IgG negative control. 

Cell migration assay 

Modified Boyden chamber assay was performed as 
described previously (27). Cells in 0.5% FBS-containing 
MEM were loaded with or without IL-1(3 (lOng/ml) on 
the upper chamber of 48-well Boyden chamber (Neuro 
Probe), and 8-|im pore membrane (Osmonics Inc) was 
sandwiched between upper and lower chamber. In all, 
0.5 or 10% FBS was filled in lower chamber, and after 
24 h incubation, migrated cells were stained with 
Diff-Quick staining solutions (Sysmex Corp.). 

Statistics 

Each graph shows the mean of independent experiments, 
and error bars indicate ± standard deviation (SD). 
Asterisks represent the P-value obtained from Mest. 
*P<0.05, **P<0.01, ***i>< 0.001. 

RESULTS 

PAF1 is a negative regulator of IL-ip-inducible genes 

We previously reported that the expression of PAFc 
components was altered in the liver of the LPS-injected 
mice (25). LPS is the bacterial component that induces 
systemic inflammation through the production of 
various inflammatory cytokines, such as IL-1(3, TNF-oc 
and IL-6. We also observed that both endogenous 
hPAFl and exogenous mPAFl-V5 proteins, but not 
PAF1 transcript levels, were up-regulated after prolonged 
IL-ip or TNF-oc stimulation in HepG2 hepatocarcinoma 
cells (Figure 1A and Supplementary Figure S1A-C). For 
dynamic regulation of gene expression during inflamma- 
tion, signal-specific activators and repressors of tran- 
scription are often reported to be timely regulated by the 
same signal (5). Therefore, it prompts us to test whether 
PAFc plays any regulatory role in the IL- 1 P-mediated 
inflammatory response. 
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Figure 1. PAF1 represses IL-ip-inducible gene expression. (A) HepG2 
(top) or mPAFl-V5-expressing HepG2 (bottom) cells were stimulated 
with IL-6+IL-6sR (lOng/ml), TNF-a (lOng/ml), IFN-a/P (each 
100 units/ml), IL-10 (lOng/ml) or IL-ip (lOng/ml) for 12 h. 
Antibodies against PAF1 (top) or V5 (bottom) were used to examine 
the expression of endogenous or tagged exogenous PAF, respectively. 
(B) The microarray analysis was performed using control or hPAFl 
shRNA-transfected HepG2 cells before and after IL-ip (lOng/ml) 
stimulation. For each gene, PAF1 dependency (control shRNA/PAFl 
shRNA, without stimulation) and IL-ip induction (after/before stimu- 
lation, control shRNA) were determined. The graph shows the IL-ip 
induction of the top 20 genes with increased (filled circles) or reduced 
(open squares) expression in PAF 1 -deficient cells. To generate a 
random set (gray triangles), 20 genes were randomly selected from 
the microarray platform. (C) qRT-PCR validation; expression of 
IL-ip-inducible Group I genes was increased under basal and IL-ip 
stimulation after PAF1 silencing. The expression of IL-ip-inducible 
Group II and IL-l|3-repressive Group III genes was reduced after 
PAF1 silencing. Mean ± SD of three experiments. (D) ChIP analysis 
of PAF1 on Group I, II and III genes. HepG2 cells were stimulated 
with IL-ip (lOng/ml) for the indicated times. The specific PAF1 occu- 
pancy at target locus relative to the intergenic region was calculated, 
and normalized to IgG negative control. Mean ± SD of two experi- 
ments was presented. The asterisks represent the P-values obtained 
from a /-test. *P<0.05, **P<0.01, ***P< 0.001. 

To explore this possibility, genome-wide expression of 
IL-ip-responsive genes was measured in PAF 1 -deficient 
cells. Although PAFc has been identified as a general regu- 
lator of transcription, the expression of most transcripts 



was not significantly altered after PAF1 silencing under 
basal conditions. Moreover, similar numbers of tran- 
scripts were either enhanced or repressed after PAF1 
silencing (Supplementary Figure SID). We selected the 
top 20 genes that were either positively or negatively 
regulated by PAF1 under basal conditions and analyzed 
their expression levels in response to IL-1(3 (Figure IB). 
Interestingly, we observed a significant inverse correlation 
between IL-1(3 induction and PAF1 dependency; those 
genes with reduced expression in PAF 1 -deficient cells 
were repressed, whereas genes with induced expression 
after PAF1 silencing were enhanced after IL-ip stimu- 
lation. These data indicate that PAFc might be a tran- 
scriptional repressor for the regulation of IL-1 (3— 
mediated gene expression. We classified IL-l(3-responsive 
genes based on PAF1 dependency and validated the ex- 
pression of these genes through independent qRT-PCR 
analysis (Figure 1C). To confirm the specificity of PAF1 
silencing, different regions of PAF1 mRNA were targeted 
with shRNA for microarray analysis and siRNA for 
qRT-PCR. In the first group of genes, including PLAU, 
SERPINB2 and JUN, the gene expression was induced 
after IL-1 (3 stimulation and further enhanced after PAF1 
knockdown (Group I). In the second group of genes, 
including UBD and SAA1, the gene expression was simi- 
larly induced by IL-1 (3 but reduced in PAF 1 -deficient cells 
(Group II). Moreover, the third group of genes was 
slightly repressed after IL-1 (3 stimulation and PAF1 
knockdown under both basal and IL- 1 (3-stimulated con- 
ditions (Group III). 

We examined the association of PAF 1 with target genes 
in IL-ip-stimulated cells to determine whether the binding 
of PAF 1 to DNA directly affects the expression of IL-1 (3- 
responsive genes (Figure ID). Under basal conditions, 
PAF1 binding was observed at the transcription start 
site (TSS) of the Group I genes PLAU, SERPINB2 and 
JUN. On IL-ip stimulation, a transient dissociation of 
PAF1 was observed in the TSS region of Group I genes. 
Although the IL-ip-dependent dissociation of PAF1 in 
SERPINB2 was not strong, this dissociation was consist- 
ently observed (Supplementary Figure S1E). For Group I 
genes, we always observed PAF1 dissociation after IL-ip 
stimulation. However, the magnitude of dissociation was 
somewhat varied, probably reflecting the rapid kinetics of 
PAF1 dynamics on chromatin, which usually occurs <30 
min of stimulation. Consistent with the results of the ChIP 
analysis, the transient release of PAF1 from the 
chromatin-bound fraction was observed after IL-ip stimu- 
lation (Supplementary Figure S1F). In contrast, the asso- 
ciation of PAF1 was rarely detected in the TSS or coding 
regions of the second group {UBD and SAA1) and third 
group (FZD4 and LEAP2) of genes, and it was not 
changed significantly after IL-ip stimulation, suggesting 
that PAF1 might indirectly regulate the expression of 
group II or III genes. 

To understand what specifies different response of 
Group I and Group II/III genes by PAF1, we next 
examined RNA Pol II occupancy at the TSS or coding 
regions of these genes under basal conditions 
(Supplementary Figure S1G). Group I genes showed a 
high pausing index, characterized by enriched RNA Pol 
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II near the TSS region, relative to downstream regions, at 
basal state. In contrast, Group II or III genes exhibited 
relatively low pausing index. These data, therefore, 
indicate that PAF1 might affect the expression of paused 
versus non-paused genes differentially. 

Both NF-kB activation and recruitment to target genes 
are not affected after PAF1 silencing 

The inflammatory IL- 1 (3 signal is transmitted through the 
biochemical cascades of IkB kinase (IKK), p38 and c-Jun 
N- terminal kinases (JNK), eventually activating transcrip- 
tion factors, such as NF-kB and AP-1 (3). Because IL-1(3- 
stimulated PLAU or JUN expression was altered by NF- 
kB (Bay 11-7082) or AP-1 (SP600125 and SB202190) in- 
hibitors (Figure 2A), we examined whether PAF1 directly 
affects the transcriptional activities of NF-kB or AP- 1 . In 
PAF1 -deficient cells, neither the IL- 1 (3-induced degrad- 
ation of IkB (Figure 2B) nor the NF-KB-dependent 
luciferase expression was altered (Figure 2C), indicating 
that the transcriptional activity of NF-kB was not signifi- 
cantly affected after PAF1 silencing. In contrast, the acti- 
vation of JUN, a component of AP-1, was slightly 
increased after PAF1 silencing, although p38 phosphoryl- 
ation was not affected (Figure 2D and E). In addition, the 
increased AP-1 -dependent luciferase expression might 
reflect enhanced JUN expression (Figure 1C). 

We subsequently examined whether PAF1 regulates the 
association of NF-kB with the promoter of a target gene 
(Figure 2F). The activating component of NF-kB, p65 was 
specifically recruited to the promoter of PLAU gene after 
IL-1(3 stimulation, but the physical association of p65 with 
chromatin was not affected in PAF1 -deficient cells. We 
also measured the luciferase activity of reporter constructs 
containing the endogenous promoters of either PLAU or 
JUN to determine the effect of PAF1 on IL-l(3-mediated 
promoter activation. Although the expression of PLAU or 
JUN was significantly increased after PAF1 silencing 
(Figure 1C), both the basal and the IL- 1 (3-induced 
promoter activity of PLAU or JUN were not enhanced 
(Figure 2G). Together these results suggest that PAF1 
controls the expression of Group I genes in transcriptional 
processes rather than the promoter activation step. 

PAF1 blocks productive elongation of paused genes 
through the inhibition of histone acetylation before 
signal activation 

We examined occupancy of phosphorylated RNA Pol II 
after IL-1(3 stimulation in PAF1 -deficient cells. The 
binding of phosphorylated RNA Pol II to target genes 
was measured in a ChIP assay using antibodies specific 
to phosphoserine at the fifth (Ser5-P) or second (Ser2-P) 
position of C-terminal domain (CTD) heptads. The re- 
cruitment of the Ser5-P RNA Pol II occurred predomin- 
antly near the TSS of the PLAU gene after IL-1(3 
stimulation, which was slightly increased after PAF1 
silencing (Figure 3 A and B). In addition, the IL-l(3-de- 
pendent recruitment of Ser2-P RNA Pol II at both the 
TSS and coding region of the PLAU gene was significantly 
enhanced after PAF1 silencing, suggesting that PAF1 
functions as an inhibitor that blocks the productive 




Figure 2. PAF1 does not affect NF-kB activation and recruitment to 
target genes. (A) HepG2 cells were pretreated with an NF-kB inhibitor 
(BAY 11-7082; IOjiM) or API inhibitors (SP600125 and SB202190; each 
10)iM) for 30min before IL-1(3 stimulation. qRT-PCR was performed to 
measure the relative mRNA levels of PLAU and JUN. (B and D) Control 
or PAF1 siRNA-transfected HepG2 cells were stimulated with IL-ip for 0 
or 30min (B) or as indicated (D), and the protein levels of PAF1, IkB-oc 
and p65 (B) or phsopho-p38, p38, phospho-JUN and JUN (D) were 
determined using western blot analysis. (C and E) HepG2 cells were 
co-transfected with NF-kB-1uc (C) or AP-l-luc (E) reporter constructs 
along with control or PAF1 siRNA. The luciferase activity was 
measured under basal (open) or IL-ip-stimulated (filled) conditions. 
(F) ChIP analysis of p65 binding on the NF-kB binding site of 
promoter region or TSS of PLAU gene. IL-lp was stimulated for 0 or 
30min. NF-kB occupancy values are presented relative to the IgG signal 
after normalization to the intergenic region. (G) Luciferase assay using 
reporter constructs containing a PLAU promoter (PLAU-luc) or JUN 
promoter (JUN-luc) in control or PAF1 siRNA-transfected cells. Bars 
indicate averages of values from three (A, C, E and G) or two (F) experi- 
ments; error bars represent SD. 



elongation step of transcription (Figure 3C). It has been 
previously reported that global protein levels of Ser2-P 
RNA Pol II are affected after the depletion of the PAF 
complex in yeast (28); therefore, we examined the effect of 
PAF1 knockdown on Ser2-P RNA Pol II expression. The 
expression of Ser2-P RNA Pol II, but not total RNA Pol 
II, was reduced in the lysates of PAF 1 -silenced HepG2 
cells (Supplementary Figure S2A). Therefore, the 
enhanced Ser2-P RNA Pol II occupancy at the PLAU 
locus after PAF1 silencing was not general event, but 
might reflect a regulated event that occurs at limited loci. 

PAFc is required for Rad6/Brel -dependent H2B 
ubiquitination and subsequent H3K4 trimethylation for 
gene activation (12,14,29,30). Therefore, we next 
examined the effect of PAF1 on the modification of 
histones surrounding the PLAU genomic locus. 
Although enhanced recruitment of H2B ubiquitination 
was observed after IL-ip stimulation, it was not signifi- 
cantly changed by PAF1 silencing, near the PLAU 
locus (Figure 3D). H3K4 trimethylation, which was 
reduced after Ash2L silencing, a component of human 
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Figure 3. PAF1 deficiency enhances RNA polymerase II progression 
and histone acetylation at the PLAU locus. (A) Schematic illustration 
of the PLAU locus and the ChIP primers used in this article. (B-F) 
ChIP analysis of RNA Pol II with phosphoserine 5 on CTD (B), RNA 
Pol II with phosphoserine 2 on CTD (C), H2B ubiquitination, H3K4 
trimethylation or H3K9 trimethylation (D), H3K36 trimethylation (E) 
and H4K5 acetylation or H3K9 acetylation (F). HepG2 cells were 
transfected with control or PAF1 siRNA and stimulated with IL-ip 
(lOng/ml) for 0 or 30min. The PCR amplification was performed using 
ChIP primers as indicated. The specific ChIP signal at the target locus 
relative to the intergenic region was calculated and normalized to an 
IgG negative control. Mean ± SD of two experiments was presented. 



myeloid/lymphoid or mixed lineage leukemia (MLL) 
histone methyltransferase, was constitutively observed at 
the TSS of PLAU under basal condition (Figure 3D and 
Supplementary Figure S2B). However, PAF1 silencing did 
not affect H3K4 trimethylation, neither. In contrast, 
H3K4 trimethylation at the TSS of the Group II genes, 
such as SAA1 or UBD, or haptoglobin (HP), which was 
affected by CTR9 knockdown (25), was significantly 
downregulated after PAF1 silencing (Supplementary 
Figure S2C). PAFc is also reported to involve in the re- 
cruitment of SET2 for H3K36 methylation to the coding 
regions of actively transcribed target genes (11,13). 
However, H3K36 trimethylation surrounding the coding 
region of the PL A U gene were not significantly altered by 
IL-1 (3 stimulation, although it was slightly reduced after 
PAF1 silencing (Figure 3E). Although many studies 
demonstrated that H3K36 methylation is coupled to tran- 
scription activation, transcription repression and histone 
deacetylation mediated by H3K36 methylation have been 
also reported (31). Therefore, the reduction of H3K36 



methylation could partially contribute to PAF1- 
mediated repression. Nonetheless, these alternations on 
histone modification cannot explain the inhibitory effect 
of PAF1 completely. 

Therefore, we next assessed the effect of PAF1 on the 
regulation of histone acetylation. In response to IL-1(3, we 
observed increased acetylation at the H3K9 and H4K5 
residues surrounding the TSS and coding regions of the 
PLAU gene (Figure 3F). More importantly, both 
acetylated H3K9 and H4K5 residues were increased 
after IL-1(3 stimulation in PAF1 -deficient cells. The occu- 
pancy of the acetylated histone near the PAF 1 target genes 
was inversely correlated with the PAF1 presence, suggest- 
ing that PAF1 might negatively influence on the histone 
acetylation and thereby regulate transcription at IL-1 (3— 
responsive target gene loci. 

Enzymatic activity of GCN5 is required to 
discharge PAF1 from target loci for 
IL-ip-inducible gene expression 

To characterize the PAF 1 -mediated regulation of histones 
acetylation, we identified the HAT that controls IL-1 (3— 
inducible PLAU expression. For this purpose, various 
HATs, including GCN5, p300, MOZ, Ybf2/ Sas3, Sas2 
and Tip60 (MYST2), K(lysine) acetyltransferase 5 
(KAT5), activating transcription factor 2 (ATF2), 
nuclear receptor coactivator 1 (NCOA1) and HAT1, 
were silenced through the transfection of the appropriate 
siRNAs, and the expression of PLAU was assessed 
(Figure 4A and Supplementary Figure S3 A). Among the 
HATs tested, GCN5 and NCOA1 exerted significant 
effects on IL-l(3-inducible PLAU gene expression. 
Because GCN5 acts as an activator and NCOA1 functions 
as a repressor, we focused on the functional interaction 
between GCN5 and PAF1 during IL- 1 (3-induced PLAU 
gene expression. The contribution of GCN5 during IL-1 (3- 
inducible PLAU gene expression was determined using 
MB-3, a catalytic inhibitor of GCN5 (Figure 4B). To 
confirm the function of GCN5 in histone acetylation 
near the PLAU locus, IL-1 (3-dependent changes in 
histone acetylation were measured in GCN5-deficient 
cells (Figure 4C). The IL-1 [3-induced acetylation of 
H4K5 and H3K9 near the TSS of the PLAU locus was 
significantly reduced after GCN5 silencing, confirming the 
GCN5-mediated regulation of IL-1 [3-dependent PLAU 
gene expression via histone acetylation. 

Next, we assessed the genomic occupancy of GCN5 in 
response to IL-1 (3 at the PLAU genomic locus 
(Figure 4D). In contrast to the IL- 1 (3-dependent dissoci- 
ation and re-association of PAF1 on the PLAU gene 
(Figure ID), GCN5 was specifically recruited to both 
the TSS and coding regions of the PLAU genomic locus 
in response to IL-1 (3 stimulation. The PAF1 occupancy 
was also examined after GCN5 knockdown (Figure 4E). 
When GCN5 was depleted, the IL- 1 (3-dependent dissoci- 
ation of PAF 1 from the PLAU locus ceased. Furthermore, 
with MB-3 pre-treatment, the IL- 1 (3-induced dissociation 
of PAF 1 from the PLAU locus (Figure 4F) and the IL-1 (3- 
induced release of PAF1 from the chromatin-bound 
fraction were similarly blocked (Supplementary Figure 
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Figure 4. PAF1 and GCN5 HAT counteract during IL-l|3-responsive PLAU gene expression. (A) Specific siRNAs for GC7V5, /?300, MYST2, KAT5, 
ATF2, NCOA1, HAT1 or control siRNA were transfected, and IL-1J3 was stimulated for 0 or 1 h. qRT-PCR analysis of PLAU mRNA. (B) qRT- 
PCR of PLAU mRNA; HepG2 cells were pretreated with MB-3 (0.1 or 0.2 mM) for 24 h before IL-ip stimulation. (C) After control or GCN5 
siRNA transfection, cells were stimulated with IL-ip for 0 or 30 min. Histone acetylation on H4K5 (left) or H3K9 (right) was measured using ChIP 
analysis at the PLAU TSS. (D) ChIP analysis of GCN5 on the PLAU genomic locus after IL-ip stimulation. (E) HepG2 cells were transfected with 
control or GCN5 siRNA and stimulated with IL-ip for 0 or 30 min. PAF1 ChIP was performed for PAF1 protein, and the abundance of PAF1 at 
the PLAU TSS was measured using qPCR. (F) HepG2 cells were pre-treated with MB-3 (0.2 mM) for 24 h and stimulated with IL-ip for 30 min. 
ChIP analysis was performed for PAF1 at the TSS of the PLAU gene. (G) After control or PAF1 siRNA transfection, HepG2 cells were stimulated 
with IL-ip for 0 or 30 min. GCN5 abundance on the TSS region of the PLAU gene was measured using ChIP analysis. (H) HepG2 cells were 
pre-treated with BAY11-7082 (lOfiM) or with SP600125 and SB202190 (IOlxM) for 30min before IL-ip stimulation (30min). PAF1 and GCN5 
abundance on the TSS of the PLAU gene was measured using ChIP analysis. (C-H) PAF1 or GCN5 occupancy levels are presented relative to the 
IgG signal after normalization to the intergenic region. 'N.S' indicates not significant. Bars indicate averages of values from three (A and B) or two 
(C-H) experiments; error bars represent SD. 



S3B). These data indicate that the expression of GCN5 
and/or enzymatic activity is required to discharge PAF1 
from the PLAU locus. 

Next, we examined the role of PAF 1 in the recruitment 
of GCN5. Under PAF1 knockdown conditions, GCN5 
bound the TSS region of the PLAU gene before IL-1(3 
stimulation, and this occupancy pattern did not change 
after further stimulation (Figure 4G). Therefore, PAF1 
might prevent GCN5 recruitment to target loci in the 
absence of the proper signal for transcriptional activation 
and should be released from target loci to initiate 
signal-dependent transcription. To ascertain how IL- 1 (3— 
mediated signaling activity is responsible for PAF1 and 
GCN5 dynamics at the PLAU locus; inhibitors of NF- 
kB or AP-1 were applied before IL-1(3 stimulation; and 
the occupancies of PAF1 and GCN5 were compared. 
Both inhibitors simultaneously abolished the recruitment 
of GCN5 to the PLAU locus and the IL- 1 (3-dependent 
dissociation of PAF 1 (Figure 4H). 

Because all experiments were conducted using HepG2 
cells, we examined whether the role of PAF 1 and GCN5 in 
IL-ip-inducible gene expression could be observed in 
other cell types. We examined the effect of PAF1 or 
GCN5 silencing on PLAU and JUN expression and 
PAF1 occupancy after IL-1(3 stimulation using 
HEK293FT cells (Supplementary Figure S4). As 
observed in HepG2 cells, the expression of both PLAU 



and JUN was increased after PAF1 silencing and 
reduced after GCN5 silencing (Supplementary Figure 
S4A and B). Furthermore, PAF1 was dissociated from 
the TSS of the PLAU and JUN loci after IL-1(3 stimula- 
tion (Supplementary Figure S4C). Taken together, these 
data suggest that IL-ip-mediated signaling activity is 
required to recruit GCN5, which in turn discharges 
pre-occupied PAF1 from the PLAU locus to activate 
transcription. 

The internal 70 amino acids residues of PAF1 
mediate chromatin binding and are essential 
to repress PL A U expression 

We also explored the functional domain of PAF 1 respon- 
sible for IL-ip-mediated PLAU gene regulation. 
Mammalian PAF1 contains an N- terminal domain with 
yPafl homology and C-terminal Glu- and Ser-rich 
domains (32) (Figure 5A). An internal nuclear localization 
signal (NLS) was predicted (32), and its function was 
verified using a mutant form of mPAFl in transfected 
cells (Supplementary Figure S5A). Full-length mPAFl 
localized to the nucleus, whereas the ANLS mutant was 
cytoplasmic. We, therefore, examined whether the nuclear 
localization of PAF1 was required to elicit IL-ip-indu- 
cible PLAU repression. We first determined whether the 
overexpression of exogenous PAF1 elicits a repressive 
effect on PLAU gene expression. For this purpose, an 
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Figure 5. The internal 70 amino acids residues of PAF1 mediate chromatin association and the transcriptional repression of the PLAU gene. (A) 
Schematic diagram of the secondary structure of full-length and mutant PAF1, predicted using the Jpred3 program. A cylinder indicates the 
predicted a-helix, an arrow represents the (3-sheet and the bars represent the coiled-coil secondary structure. (B) Left, control or hPAFl siRNA 
was transfected along with empty vector, full length or deleted forms of MYC-tagged mPAFl as indicated. Cells were stimulated with IL-1 p for 0 
(open bar) or 1 h (filled bar). qRT-PCR for PLAU mRNA. Right, western blot analysis of endogenous hPAFl (asterisk) and exogenous 
MYC-tagged mPAFl constructs. (C and D) Control or hPAFl siRNA was transfected with empty vector, PAF1 C-terminal (C) or N- terminal 
deletion mutants. (D) Top, qRT-PCR of PLAU mRNA. Bottom, western blot analysis of endogenous hPAFl and exogenous mPAFl(MYC). (E) 
Control or hPAFl siRNA was transfected along with empty vector, mPAFl (A213-254)-MYC or mPAFl (A285-355)-MYC. Top, qRT-PCR of 
PLAU mRNA. Bottom, western blot analysis. (F) HepG2 cells were transfected with empty vector, full-length mPAFl-MYC, mPAFl (A21 3-254)- 
MYC or mPAFl (A285-355)-MYC and subsequently fractionated into chromatin-bound and chromatin-unbound fractions for western blot analysis. 
Asterisks indicate endogenous PAF1 proteins. Arrowheads indicate MYC-tagged PAF1 proteins. Chromatin-bound or chromatin-unbound fractions 
were quantitated and calculated relative to total proteins using Multi-Gauge V3.1 (Fuji Film). (B-E) Bars indicate averages of data from three 
experiments; error bars represent standard deviation. 'N.S.' indicates not significant (P>0.05). 



mPAFl expression vector was co-transfected with control 
or hPAFl siRNA. In cells with endogenous PAF1, the 
overexpression of mPAFl did not significantly affect 
PLAU gene expression. However, when endogenous 
PAF1 was depleted via hPAFl silencing, a repressive 
effect of exogenous mPAFl was observed (Supplementary 
Figure S5B). Under endogenous PAF1 -silencing condi- 
tions, the expression of full-length mPAFl, but not the 
mPAFl-ANLS mutant, rescued the loss of endogenous 
PAF1, suggesting that nuclear retention is important for 
the regulatory function of PAF1 (Figure 5B). 

To identify the functional domain of PAF1 for PLAU 
repression, we generated a series of C- or N-terminal 
deletion constructs (Figure 5A) and assessed the effects 
of these mutations on transcriptional regulation in en- 
dogenous PAF1 -deficient cells (Figure 5C and D). The 
overexpression of the C-terminal deletion mutants CI or 
C2 and the N-terminal deletion mutants Nl or N2 was 
sufficient to repress IL- 1 (3-induced PLAU gene expres- 
sion. The repression level was comparable with that 
observed with the full-length PAF1 protein, indicating 
that an internal PAF1 domain spanning 213-355 amino 
acids is responsible for transcriptional repression. 



Therefore, we further generated two additional constructs 
containing the NLS but lacking half of the internal 
domain, mPAFl (A21 3-254) and mPAFl (A285-355). 
The overexpression of mPAFl (A285-355) but not 
mPAFl (A2 13-254) failed to rescue loss of endogenous 
PAF1 (Figure 5E), although this mutant localized to the 
nucleus (Supplementary Figure S5C). 

To understand the PAF1 -mediated repression of PLAU 
gene expression, we next investigated the chromatin- 
binding ability of the mutant mPAFl (A285-355) under 
basal conditions. Total cell ly sates were fractionated into 
chromatin-bound and chromatin-unbound fractions, and 
the expression of PAF1 was assessed in both fractions. 
The overexpressed MYC-tagged full-length mPAFl was 
primarily observed in the chromatin-bound fraction 
(Figure 5F). However, MYC-tagged mPAFl exhibited a 
lower affinity for chromatin compared with endogenous 
PAF1 (Supplementary Figure S5D). It is possible that 
tagging might hinder chromatin association or protein 
interactions, which partially explains the incomplete 
rescue of PAF1 depletion using MYC-tagged PAF1 
(Figure 5B). In contrast to full-length mPAFl or 
mPAFl (A2 13-254), which were primarily observed in 
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the chromatin-bound fraction, PAF1 (A285-355) was 
detected in the chromatin unbound fraction (Figure 5F 
and Supplementary Figure S5D). These data indicate 
that the 70 amino acids internal domain of PAF1, 
spanning residues 285-355, is essential for mediating chro- 
matin binding and the repression of the IL- 1 (3-inducible 
target gene expression. 

The PAFc was disassociated from the TSS of PAF1 
target genes under IL-ip stimulation 

It has been previously reported that the components of the 
human PAFc are tightly associated and function as a 
complex (33). However, other studies have suggested an 
independent biochemical role for individual members of 
the PAFc (24,34,35). Therefore, we examined whether the 
PAF1 -mediated regulation of IL- 1 (3-inducible gene ex- 
pression depends strictly on PAF1 alone or requires 
complete PAFc activity. First, when individual compo- 
nents of the PAFc were silenced, a repressive effect on 
PLA U gene was generally observed, but with some differ- 
ences (Figure 6 A and Supplementary Figure S6A-B). 
PAF1 silencing increased both basal and IL-l(3-stimulated 
PLAU gene induction, whereas CTR9, LEOl or SKI8 
silencing only affected signal-mediated gene induction. 
We then investigate whether the presence of other compo- 
nents of the PAFc could rescue the silencing effect of en- 
dogenous PAF1 on PLAU gene expression (Figure 6B and 
Supplementary Figure S6C). However, none of the other 
PAFc components rescued the PAF1 silencing effect on 
IL-ip-induced PLAU gene expression. 

We also examined whether PAF1 bound to target genes 
with other components as a complex. For this purpose, we 
assessed the occupancies of the other PAFc components, 
LEOl and CDC73, at Group I genes (Figure 6C). Similar 
to PAF1, both LEOl and CDC73 bound near the TSS of 
PLA U or JUN gene under basal conditions and were tran- 
siently dissociated after IL-1(3 stimulation. Therefore, we 
next asked whether the physical interaction with other com- 
ponent is required for the repressive effect of PAF1 
on target gene expression. Among the mPAFl mutants 
that exhibited normal PLAU gene repression (Figure 5D), 
mPAFl-N2 mutant failed to interact with CTR9 
(Supplementary Figure S6D). These results indicate that 
the strong association of complex formation might not be 
essential to elicit PAF1 -mediated target gene repression. 

GCN5 counteracts repressive PAF1 to induce 
IL-ip-mediated cell migration 

The pro-inflammatory cytokine IL-1(3 controls the expres- 
sion of metalloprotease or plasminogen activators to 
induce the migration of airway epithelial, immune and 
hepatostellate cells (36-39). Including PLAU, several 
genes that were repressed by PAF1 in the microarray 
analysis have been implicated in cell migration 
(Supplementary Table S4). Therefore, we investigated 
whether PAF1 directly controls IL- 1 (3-mediated cell migra- 
tion using the Boyden chamber assay. When serum was 
used as a chemoattractant (27), treating HepG2 cells with 
IL-1 [3 increased cell migration (Supplementary Figure S7). 
Under basal conditions, cell migration was significantly 
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Figure 6. PAFc-associated PAF1 represses IL-ip-inducible genes. (A) 
Using data from Supplementary Figure S6B, the knockdown effect of 
individual PAFc components to IL-1 (3 inducibility (y-axis, relative ratio 
of PLAU mRNA with IL-ip to without IL-ip) and basal expression (x- 
axis, relative ratio of PLAU mRNA with PAFc siRNA to control 
siRNA without IL-1 (3) are shown. (B) HepG2 cells were co-transfected 
with control or hPAFl siRNA along with empty vector or indicated 
mPAFc expression vectors, and qRT-PCR for PLAU mRNA was per- 
formed. Bar indicates averages of data from three experiments; error 
bars represent SD. (C) ChIP analysis of CDC73 (as also known as 
parafibromin) and LEOl. HepG2 cells were stimulated with IL-ip 
(lOng/ml) for 0 or 30min. The specific protein occupancy at the 
target locus relative to the intergenic region was calculated and 
normalized to the IgG control. Bar indicates averages of data from 
two experiments; error bars represent standard deviation. 'N.S.' indi- 
cates not significant (P > 0.05). 



increased after PAF1 silencing and further enhanced after 
IL-1 (3 stimulation, indicating that PAF1 plays an inhibi- 
tory role in cell migration (Figure 7A). The overexpression 
of mPAFl partially blocked the effect of PAF1 silencing on 
cell migration (Figure 7B). As previously observed (Figure 
5), incomplete rescue of tagged mPAFl might be partly 
because of hindered chromatin association. We also 
examined whether GCN5 is involved in IL- 1 (3-mediated 
cell migration. As predicted from the positive effect of 
GCN5 on IL-1 (3-inducible gene expression, GCN5 acted 
as an activator of cell migration; both GCN5 silencing and 
MB-3 treatment exhibited similar inhibitory effects on 
IL-1 [3-mediated cell migration (Figure 7C and D). 
Altogether, these data suggest that functional counter- 
actions between PAF1 and GCN5 play a role in the regu- 
lation of IL- 1 (3-responsive gene induction and cell 
migration under inflammatory conditions. 



DISCUSSION 

In the present study, we demonstrated the repressive 
activity of PAF1 in transcription during the inflammatory 
response. Under basal conditions, chromatin-bound PAFc 
associates with the paused RNA Pol II and blocks the 
recruitment of GCN5 HAT to the target locus, thereby 
repressing inappropriate transcription. On IL-1 (3 
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Figure 7. The counteraction between PAF1 and GCN5 controls the 
IL-ip-induced migration of HepG2 cells. (A-D) HepG2 cells with or 
without IL-ip stimulation were loaded onto the upper chamber, and 
cell migration towards the FBS-containing lower chamber during 24 h 
was determined using Diff-Quick staining. Three independent wells of a 
Boyden chamber were used to count the migrating cells. (A) Cells 
transfected with control or PAF1 siRNA were analyzed using a 
Boyden chamber assay. (B) Cells were co-transfected with control or 
PAF1 siRNA and empty vector or mPAFl expression vector, and cell 
migration was determined without IL-ip stimulation. (C) HepG2 cells 
were pre-treated with MB-3 for 24 h, and cell migration was determined 
with or without IL-1(3 stimulation. (D) Cells transfected with control or 
GCN5 siRNA were analyzed using a Boyden chamber assay. (A-D) 
Mean ± SD of three experiments was presented. (E) A proposed model 
of PAF1 -mediated gene repression. Without stimulation, chromatin- 
bound PAFc blocks the recruitment of GCN5 and represses RNA 
Pol II paused gene expression. Upon IL-ip stimulation, the GCN5- 
dependent acetylation of histones releases PAFc from chromatin and 
facilitates continued productive transcription. 



stimulation, PAFc is dissociated from the target locus, 
which is dependent on the enzymatic activity of the re- 
cruited GCN5, and RNA Pol II proceeds for productive 
transcription (Figure 7E). Although most PAF1 was 
associated with chromatin under basal conditions, the 
GCN5-dependent dissociation of PAF1 occurred only at 
limited region (Supplementary Figure S1F and S3B); 
hence, PAF1 -mediated IL- 1 (3-responsive transcriptional 



regulation is limited to a subset of target genes, such as 
paused P LAV ox JUN. 

The regulatory role of PAFc in the activation of tran- 
scription has been extensively studied after the RNA Pol 
II-associated factor was identified [review in detail, (11)]. 
In contrast, the role of PAFc in transcriptional repression 
has only been recently reported (15,16,40), and the regu- 
latory mechanism underlying this function has not been 
fully elucidated. Generally, repressors either compete with 
transcriptional activators for direct binding to DNA 
elements or sequester transcriptional activators from tran- 
scription activating complexes (41). Repressors might also 
alter the chromatin structure surrounding target genes via 
the regulation of chromatin modifying enzymes (41). 
Interestingly, it has been suggested that PAFc represses 
gene expression via the modification of histone methyla- 
tion, such as H3K9 methylation or H2B ubiquitination 
followed by H3K4 trimethylation (15,16,40). In 
Saccharomyces cerevisiae, paused RNA Pol II associated 
with PAF1 represses heat inducible FK506 sensitivity 
protein 2 (FKS2) expression under basal conditions 
through interaction with the Senl-Nrdl-Nab3 transcrip- 
tion termination complex (42). On stimulation, recruited 
PAF1 interacts with stress-induced Mpkl mitogen- 
activated protein kinase (MAPK) and blocks the recruit- 
ment of the Senl complex to RNA Pol II, thereby 
activating transcription (42). In contrast, we demonstrated 
a counteraction between the HAT GCN5 and PAF1 in the 
repression of paused IL- 1 (3-inducible genes. We showed 
that under basal conditions, PAF1 binds target genes and 
blocks the recruitment of GCN5, which transfers an acetyl 
group to H3K9 or H4K5 residues on surrounding chro- 
matin. After IL-ip stimulation, chromatin-bound PAF1 is 
transiently dissociated from the target locus, facilitating 
continued productive transcription. 

In HepG2 cells, the majority of PAF1 was detected in 
the chromatin-bound fraction. Relatively small amounts 
of PAF1 dissociated from the chromatin region after 
IL-ip stimulation in a manner that depended on the en- 
zymatic activity of GCN5 (Figure 4F and Supplementary 
Figure S3B). This finding suggests that the dynamics of 
PAF1 on chromatin might be a key regulatory step for 
transcriptional regulation. Recently, the direct interaction 
between PAF1 and histone proteins was demonstrated 
in vitro and in vivo (24,43). Binding between PAF1 and 
histone proteins was not significantly altered after H3K4 
methylation, but acetylated histones did not interact with 
PAF1 protein (24). Based on the weak interaction of 
acetylated histone with PAF1 (Supplementary Figure S8), 
GCN5-mediated histone acetylation might disrupt the as- 
sociation of PAF1 with chromatin; it is possible that IL-1 P- 
stimulated NF-kB binds to the promoter region of the 
target gene and recruits GCN5 (9), which subsequently 
acetylates nearby histones and reduces the binding 
affinity of PAF1 for chromatin. We ruled out the possibility 
of IL- 1 P-dependent GCN5-mediated PAF1 acetylation for 
chromatin association, as no significant change was 
observed in the degree of mPAFl acetylation after IL-ip 
stimulation (Supplementary Figure S9). 

Interestingly, recent evidence suggests a regulatory role 
for PAFc in carcinogenesis. Mutated parafibromin has 
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been associated with parathyroid jaw tumors (44), and the 
amplification of the PAF1 gene has been observed in pan- 
creatic cancers (23). In the present study, we demonstrated 
that PAF1 represses IL- 1 (3-mediated cell migration 
(Figure 7), which plays an important role during inflam- 
mation and cancer progression. Although the genetic 
amplification or overexpression of PAF1 is often 
involved in cell proliferation (32), the simultaneous 
downregulation of PAF1 expression and upregulation of 
PLA U expression was observed in breast or colon cancer 
samples (http://www.oncomine.org) (Supplementary 
Figure S10). Based on the molecular and cellular 
function of PAF1 in IL-1 (3-mediated gene expression 
and cell migration, we, therefore, propose that PAF1 
might play a role in inflammation and metastasis during 
cancer development. The detailed mechanisms underlying 
the contribution of PAF1 to carcinogenesis, particularly in 
metastasis via the regulation of inflammation, should be 
further investigated. 
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